The apparent distribution coefficients, Kapp, of glucose, cellobiose and 3-ketocellobiose onto the cation-exchange resins with various divinylbenzene (DYB) contents in Li+, Na+, K+, Ca+, Sr2+ and Ba2+ forms were measured at room temperature. The Kapp values of 3-ketocellobiose were greater than those of cellobiose in spite of the similar molecular masses, and were near those of glucose for the resins with any DYB content in all the ion forms tested. The Kapp values of cellobiose, which were estimated from the Kapp values of glucose under the assumption of no complex formation with the ions according to our previous model, coincided with the experimental values. This indicated that cellobiose formed no complex with the counter-ions within resins or that the binding constants of cellobiose to the ions were extremely low. On the other hand, it was shown that 3-ketocellobiose formed complexes with all the ions tested. The binding constants of 3-ketocellobiose to the ions were estimated based on the model, and could be correlated with the dynamic hydration numbers of the counter-ions.
Introduction
The hydroxyl group at C3 of the glucose residue of cellobiose can be converted into a keto group using Agrobacterium tumefaciens cells to produce 3-ketocellobiose [1] [2] [3] , which is a potential raw material for commodity chemicals such as polymers and surfactants because the reactivity of the keto group is different from that of the hydroxyl group. However, unreacted cellobiose remains or a byproduct of glucose is formed because the conversion is not complete. Therefore, a separation process is required to obtain the 3-ketocellobiose of the desired purity from the reaction mixture.
Because cation-exchange resins have been used for the chromatographic separation of saccharides or their related compounds [4, 5] , liquid chromatographic separation using a cation-exchange resin would be a promising method for separating 3-ketocellobiose and unreacted cellobiose. We reported that 3-ketoglucose and glucose or 3-ketocellobiose and cellobiose could be separated using cation-exchange resins, and that the resin in the K+ form was suitable for the separation [6] . We also proposed a model for the apparent distribution coefficient, Kapp, of a solute onto a cation-exchange resin, taking into consideration both the effects of the swelling pressure of the resin and the 1;1 complex formation between the solute and a counter-ion of the resin [7] [8] [9] . To reasonably design the separation process, the binding constant for the complex formation between a solute and a counter-ion should be known.
In this study, the complex formation between cellobiose or 3-ketocellobiose and an alkali metal or alkaline earth metal ion was examined based on the Kapp values of the solutes onto the resins in the counter-ion forms based on our previous model. 
Properties of the resins
The exchange capacity of the resin in its H+ form, EH, was measured by a standard titration procedure [12] against ca. 0.2 mol/L NaOH, the concentration of which was precisely determined with 0.1 mol/L HCl of a known factor. The apparent density of the resin, pH, was pycnometrically determined [8] . From these values the equivalent volume of the resin in the H+ form, Ve,H, was estimated by 1/ (EHpH) . Because the number of fixed ions remains constant for a given amount of the resin even in any of its ion form, the equivalent volume of the resin in the M ion form, Ve M, can be estimated by Eq. (2).
• •¬ (3) where Bi is the binding constant of solute i to a counterion, and Ci is the concentration of the solute in the external solution phase. Because Ci is sufficiently low under the usual conditions for the pulse response experiment, Eq. (3) can be approximated as follows:
•¬ (4) where Ki is the intrinsic distribution coefficient of the solute between the resin and external solution phases, and it can be expressed by Eq. (5) based on the chemical potentials of the solute in the phases [13, 14] .
•¬ (5) where R is the gas constant, T is the absolute temperature, II is the swelling pressure of the resin and vi is the partial molar volume of solute i. yo is a parameter reflecting both the ratio of the activity coefficient of the solute in the external solution phase to that in the resin phase, and the steric effect of the network of the resin frame on the distribution.
We showed that no complex formation could be assumed between glucose and some cations [9] . Let us further assume that the activity coefficient of a solute in the external solution phase is identical to that in the resin phase, and that the steric effect of the network of the resin frame on the distribution can be expressed by the porosity of the resin, gyp. It is also assumed that the molar volume of solute i, vi, can be used instead of the partial molar volume, vi. Under these assumptions, the intrinsic distribution coefficient of a disaccharide, KDS,cal, onto a resin is expressed using the apparent distribution coefficient of glucose onto the resin, Kapp,Glc, by Eq. (6) because the swelling pressure II of the resin is common for both solutes.
•¬ (6) The molar volumes of glucose and cellobiose, vGlc and vicel, were 0.114 L/mol and 0.22 L/mol, respectively [7] .
The molar volume of 3-ketocellobiose is assumed to be the same as that of cellobiose. On the other hand, most of the plots for 3-ketocel- The exchange of a solute molecule with the water molecules held in the hydration sphere of a counter-ion would occur within a resin [4, 15] , and the partial-negative group of the solute would be replaced with a water molecule in the hydration sphere. Based on these suppositions, we reported that the binding constants of some hexoses could be correlated with the dynamic hydration number of the counter-ion [9] . The B3xc values are plotted versus the dynamic hydration number of the counter-ion, nDHN, [16] in Fig. 4 . There was a tendency for the B3KC value to be greater for the counter-ion with the larger nDHN. This fact suggests that the keto group of 3-ketocellobiose is more negatively charged and more strongly interacts with a counter-ion within a resin than the hydroxyl group of cellobiose although the net charges of both solutes are zero.
Therefore, the concentration dependence of the Kapp of 3-ketocellobiose should be considered in the design for the separation of cellobiose and 3-ketocellobiose using a cation-exchange resin, as indicated by Eq. (3).
